INTRODUCTION
The peripheral B-cell repertoire has been highly selected both by clonal deletion of bone marrow (BM) cells bearing highaffinity sIgM receptors to autoantigens and by expansion of B cells with low-affinity receptors for environmental or self-antigens. Autoreactive B cells recognizing soluble self-antigens are not deleted in the BM but downregulate their sIgM receptors before migrating into peripheral lymphoid tissues. [1] [2] [3] [4] [5] [6] The mechanisms and requirements for positive B-cell selection are less well elucidated than those for negative selection.
Phosphocholine (PC) is the immunodominant epitope found on the surface of a number of microorganisms, including Streptococcus pneumoniae (SPn). PC is thought to play a vital role in the pathogenesis of SPn. PC-specific antibodies (Abs) have been shown to be highly protective against infection with SPn. The absence of anti-PC Ab-producing B cells in Xlinked immune-deficient mice leaves the host highly susceptible to infection with SPn. 2, [7] [8] [9] [10] [11] Analysis of B-cell development in X-linked immune-deficient mice indicated that PC-specific B cells behave like autoreactive B cells, in that they are clonally deleted. Paradoxically, in normal mice, these PC-specific B cells are positively selected into peripheral lymphoid tissues, suggesting that it is advantageous to the host to retain these potentially autoreactive PC-specific B cells rather than delete them. Abs specific for PC are encoded by the V H 1, DFL16.1 and J H 1 gene segments. Variant forms of this gene are generated by alternate splicing at the V H 2D H junction 12 or by terminal deoxynucleotidyl transferase insertion of new junctional codons. 11 The T15 heavy (H) chain is formed when the GAT codon for Asp at 95H is spliced to the first tyrosine codon in the DFL16.1 diversity segment. The M167 H chain is generated when the codon CGA for Ala at V H 96 is spliced to the first Tyr codon in the DFL16.1 diversity segment. The M603 H chain is generated by terminal deoxynucleotidyl transferase which changes codon 95H from GAT to AAT and places an Asn at 95H of the V H 1 H chain. Each of these V-D junctional changes results in an H chain which pairs with a different light (L) chain to form a PC-specific Ab. The T15H chain pairs with a kappa (k) 22 L chain, the M167 H chain pairs with a k24 L chain and the M603 H chain pairs with a k8 L chain. The T15 Ab is the dominant PC Ab expressed in normal mice but M603 Abs can dominate the immune response when mice are immunized with P. Morganii, a Gram-negative bacteria that has PC on its lipopolysaccharide. 13 Previous studies from our laboratory demonstrated that M167Hk24L transgenic B cells produced in an Rag 2/2 background underwent receptor downregulation and clonal deletion in the BM.
14 The M167 id 1 receptors on spleen cells were also downregulated in Rag 2/2 mice but were expressed at normal levels if they were coexpressed with lambda (l) L chains 7 deleted by a surface form of PC whereas, T15 B cells are tolerized by a soluble PC-Ag.
MATERIALS AND METHODS
Mice Rag-2 knockout (KO) mice were obtained from Taconic Farms (San Francisco, CA, USA). T15i knockin (KI) mice 18 and mu KO mice were obtained from Dr K. Rajewsky (University of Cologne, Cologne, Germany) through Dr H. Gu (National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD, USA). M167H chain mice and M167Hk24L mice 19 were obtained from Dr U. Storb (University of Chicago, Chicago, IL, USA). The M603H chain variant-expressing mice were produced by site-directed mutagenesis of the germline T15H gene as described.
20 k22-33 transgenic mice were generated as described. 7, 21 M603H and k8 L transgenic mice were produced by the University of Michigan Transgenic Animal Model Core (Ann Arbor, MI, USA) and were obtained from J. Latham Claflin.
8 l1 transgenic mice were obtained from K. Rajewsky, through F. Alt, Children's Hospital Boston, MA, USA). H and L chain combinations were generated by crossing the corresponding H and L strains. To generate strains with the H and L chains expressed on the Rag-2 KO background, the H and L chain transgenic mice were crossed with the Rag-2 KO strain in our lab. Mice expressing the H and L chains on the rag-2 KO background were subsequently crossed to generate the corresponding H and L chain combinations on the Rag-2 KO background.
Flow cytometric analysis
Single cell suspensions were prepared, stained and analyzed from spleen and BM of mice as previously described. PE-conjugated antimouse kappa and lambda were purchased from BD Pharmingen (San Jose, California). Anti-T15id and anti-V H 1id (clones T139.2 and T68.3, respectively, obtained from Dr M. Scharff, Albert Einstein College of Medicine, Bronx, NY, USA) were conjugated to PE and FITC by Invitrogen Molecular Probes (Grand Island, NY). FITC-conjugated PC-dex was a gift from Dr H. Dintzis (The Johns Hopkins University, Baltimore, MD, USA).
Statistical analysis
Data were statistically analyzed with two-tailed Student's t-test. P,0.05 is significant.
RESULTS AND DISCUSSION

Analysis of B cells in heterozygous and homozygous T15iHk22L mice
We have previously shown that PC-specific B cells are positively selected and expanded via an antigen-driven, receptormediated, Bruton's tyrosine kinase-dependent mechanism in V H 1 transgenic mice. 8, 9 PC-specific cells can represent from 5% to 20% of the total cells in these H chain transgenic mice. 16 Interestingly, T15 H chain mice have the lowest number of PCspecific cells and virtually none of these cells express the T15 idiotype, which is dependent on association of the T15 H chain with a k22 L chain. The analysis of heterozygous transgenic mice expressing both T15H and k22L showed that T15Hk22L B cells represent only about 50% of the B-cell population and that rearrangement and expression of endogenous IgM was not inhibited by expression of the T15Hk22L transgenes. 8 The data in Figure 1 show that in mice heterozygous for both the T15iH and k22L transgenes, the majority of B cells present in the spleen of young mice bind PC (panel C) and express the V H 1 id (panels B and C). However, when the mice reach a year of age, there are almost no PC-binding, V H 1 id 1 B cells remaining in the spleen (panels E and F). In contrast, Figure 2 shows that mice homozygous for the T15iH and k22L transgenes express only transgene-positive B cells at both 2 months of age and 1 year of age. Thus, in homozygous T15i KI mice, where endogenous V H chain genes cannot rearrange into the deleted J H locus, 23 there are no B cells expressing endogenous IgM to compete with the T15-id1 B cells. The data in Figures 1 and 2 strongly suggest that T15Hk22L B cells cannot compete with B cells expressing endogenous IgM and are gradually removed from the circulation by depletion in the spleen. However, it is also possible that with age, more and more T15Hk22L B cells are being clonally deleted in the BM of heterozygous mice because they fail to coexpress an endogenous H chain or a second L chain. The need for coexpression of endogenous m chains was previously ruled out by expressing the V H 1 transgenes in a mMT genetic background. 8 Figure 3 demonstrate that l L chains either do not associate with T15H (upper panels) or M603H chains (lower panels) or the resulting B cells are autoreactive and clonally deleted in the BM. surface level of m, k and V H 1 id were greatly reduced (row 3, I, J and L) on these cells and M603Hk8L B cells appear to be like M167Hk24L B cells in that they are probably being clonally deleted by a PC-Ag expressed on a cell surface. It is not surprising that T15Hk8L B cells do not undergo clonal deletion ( Figure 4 : row 2) since their affinity for PC is 40 time less than that of T15Hk22L B cells. 20 In as much as T15Hk22L B cells have the highest affinity for PC of the known H chain variants, one would expect that they would be deleted in the BM of the Rag 2/2 transgenic mice. However, these B cells do not appear to undergo clonal deletion in the BM but are lost from the mice because they cannot compete with long-lived endogenous B cells. This latter type of tolerance usually results because the self-antigen recognized by the B cell is soluble rather than expressed on a cell surface. 17 Alternatively, the PC part of the epitope recognized by each of the PC-specific receptors is probably not the full epitope. These findings could indicate that the receptors on M167Hk24L and M603Hk8L B cells bind to a larger epitope with higher avidity than the receptors of In summary, we have shown that B cells expressing M603Hk8L PC-specific receptors delete in Rag 2/2 mice, whereas those expressing T15Hk22L transgenes do not delete. However, T15Hk22L B cells are lost in normal heterozygous transgenic mice because they cannot compete with normal B cells. These data indicate that M167Hk24L and M603Hk8L PC-specific B cells are recognizing an autoantigen expressed on membranes which causes them to downregulate their receptors and clonally delete, while T15Hk22L B cells are tolerized by a soluble form of PC-antigen which results in their being trapped in the spleen. Thus, the types of tolerance seen in autoreactive PC-specific B cells are dependent on the idiotype of the receptors expressed.
